ABSTRACT: The Pierre Auger Observatory in Malargüe, Argentina, is designed to study the properties of ultra-high energy cosmic rays with energies above 10 18 eV. It is a hybrid facility that employs a Fluorescence Detector to perform nearly calorimetric measurements of Extensive Air Shower energies. To obtain reliable calorimetric information from the FD, the atmospheric conditions at the observatory need to be continuously monitored during data acquisition. In particular, light attenuation due to aerosols is an important atmospheric correction. The aerosol concentration is highly variable, so that the aerosol attenuation needs to be evaluated hourly. We use light from the Central Laser Facility, located near the center of the observatory site, having an optical signature comparable to that of the highest energy showers detected by the FD. This paper presents two procedures developed to retrieve the aerosol attenuation of fluorescence light from CLF laser shots. Cross checks between the two methods demonstrate that results from both analyses are compatible, and that the uncertainties are well understood. The measurements of the aerosol attenuation provided by the two procedures are currently used at the Pierre Auger Observatory to reconstruct air shower data.
area of 3000 km 2 of the observatory enable the study of ultra-high energy cosmic rays with much 14 better precision and much greater statistics than any previous experiment.
15
The fluorescence technique to detect EAS makes use of the atmosphere as a giant calorimeter 16 whose properties must be continuously monitored to ensure a reliable energy estimate. Atmo-17 spheric parameters influence both the production of fluorescence light and its attenuation towards section -or phase function -P(θ ), and the wavelength dependence of the aerosol scattering, pa-28 rameterized by the Ångstrom coefficient γ.
29
At the Pierre Auger Observatory, molecular and aerosol scattering in the near UV are measured 30 using a collection of dedicated atmospheric monitors [3] . One of these is the Central Laser Facility time offset, and for measuring the vertical aerosol optical depth τ aer (h) and its differential α aer (h).
37
An hourly aerosol characterization is provided in the FD field of view with two independent ap-38 proaches using the same CLF vertical laser events. In the near future, those approaches will be 39 applied to XLF vertical events. The FRAM robotic telescope is used for a passive measurement of 40 the total optical depth of the atmosphere, the horizontal attenuation monitors (HAM) at two of the 41 FD sites are used to characterize the optical properties of the atmosphere close to the ground. In addition to the CLF and XLF, four monostatic LIDARs [5] and four Infrared Cloud Cam- 
48
To measure the Aerosol Phase Function (APF), a Xenon flash lamp at two of the FD sites 49 fires a set of five shots with a repetition rate of 0.5 Hz once every hour [7] . The shots are fired 50 horizontally across the field of view of five out of the six telescopes in each building. The resulting 51 angular distribution of the signal gives the total scattering phase function P(θ ) as a function of the 52 scattering angle θ .
53
In this paper, we will describe the analysis techniques used to estimate aerosol attenuation from 54 CLF laser shots. In Sec. 2 we will review atmospheric attenuation due to aerosols and molecules.
55
In Sec. 3, we will discuss the setup, operation and calibration of the CLF. Sec. 4 contains the 56 description of the two analysis methods used to estimate the aerosol attenuation. Comparisons 57 between the two methods and conclusions follow in Sec. 5 and 6. 
Atmospheric Attenuation

59
Molecules in the atmosphere predominantly scatter, rather than absorb, fluorescence photons in the UV range 1 . Molecular and aerosol scattering processes can be treated separately. In the following, the term "attenuation" is used to indicate photons that are scattered in such a way that they do not 62 contribute to the light signal recorded by the FD. The molecular and aerosol attenuation processes 63 can be described in terms of atmospheric transmission coefficients T mol (λ , s) and T aer (λ , s), indi-64 cating the fraction of transmitted light intensity as a function of the wavelength λ and the path length s. The amount of fluorescence light recorded at the FD aperture I(λ , s) can be expressed in 66 terms of the light intensity at the source I 0 (λ , s) as 
76
The molecular transmission factor T mol (λ , s) is a function of the total wavelength-dependent
77
Rayleigh scattering cross section σ mol (λ ) and of the density profile along the line of sight s in
78
atmosphere n mol (s),
The Rayleigh scattering cross section σ mol (λ ) is
where N s is the atmospheric molecular density, measured in molecules per m −3 , n air is the refrac-81 tive index of the air, and F air is the King factor that accounts for the anisotropy in the scattering 82 introduced by the non-spherical N 2 , O 2 molecules [8] .
83
The atmospheric density profile along the line of sight n mol (s) is calculated using altitude-84 dependent temperature and pressure profiles, 4) where N A is Avogadro's number and R is the universal gas constant.
86
Temperature, pressure and humidity vertical profiles of the atmosphere were recorded from above the site of the Pierre Auger Observatory [9] . A set of data was taken about every 20 m
89
1 The most absorbing atmospheric gases in the atmosphere are ozone and NO 2 . In the 300 to 400 nm range, the contribution of their absorption to the transmission function is negligible [3] . during the ascent. The balloons were able to reach altitudes of 25 km a.s.l. on average. Vertical profiles are complemented by temperature, pressure and humidity data from five ground-based 91 weather stations. The measured profiles from these launches have been averaged to form monthly 92 mean profiles (Malargüe Monthly Models) which can be used in the simulation and reconstruction 93 of showers [9, 3] . Currently, the Global Data Assimilation System (GDAS) is used as a source site measurements demonstrate the applicability of the data for air shower analyses [10] .
98
Aerosol scattering can be described by Mie scattering theory. However, it relies on the assump-99 tion of spherical scatterers, a condition that is not always fulfilled. Moreover, scattering depends 100 on the nature of the particles. A program to measure the dimensions and nature of aerosols at 101 the Pierre Auger Observatory is in progress and already produced first results, but more study is 102 needed [11] . Therefore, the knowledge of the aerosol transmission factor T aer (λ , s) depends on 103 frequent field measurements of the vertical aerosol optical depth τ aer (h), the integral of the aerosol 104 extinction α aer (z) from the ground to a point at altitude h observed at an elevation angle ϕ 2 , assum-105 ing a horizontally uniform aerosol distribution (cf. Fig. 4 ),
(2.5)
Hourly measurements of τ aer (h) are performed at each FD site using the data collected from the 107 CLF. Similar to the aerosol transmission factor, the molecular transmission factor for UV light at 355 nm can be calculated using the same geometry,
In Fig. 2 
The Central Laser Facility
124
The Central Laser Facility, described in detail elsewhere [4] , generates an atmospheric "test beam". The laser is mounted on an optical table that also houses most of the other optical components.
135
The arrangement is shown in Fig 
CLF Data Analysis
161
The light scattered out of the CLF laser beam is recorded by the FD (see Fig. 4 for the laser-FD In this case, it is possible to directly derive the altitude of the cloud from the peak in the photon 191 profile since the laser-detector geometry is known. 
Reference clear nights
210
In reference clear nights, the attenuation due to aerosols is minimal compared to the uncertainty 211 of total attenuation, the scattering is dominated by the molecular part. In such a clear night, the shots in a purely molecular atmosphere at an energy of 6.5 mJ. Using the Malargüe Monthly Models 217 described in section 2, the procedure is repeated 12 times using the appropriate atmospheric density 218 profiles.
219
The method chosen for the comparison is the unnormalized Kolmogorov-Smirnov test. This 220 test returns a pseudo-probability 2 P KS that the analyzed profile is compatible with the clear one on [7] for that night, measured by the APF monitor 238 (see Sec. 1). The molecular part of the phase function P mol (θ ) can be calculated analytically from temperature, pressure and humidity at ground provided by weather stations. After subtraction of the 240 2 the Kolmogorov-Smirnov test calculates probabilities for histograms containing counts, therefore here the returned value is defined as a pseudo-probability. molecular phase function, the aerosol phase function remains. In a reference clear night, the total 241 phase function is dominated by the molecular part with almost no contribution from aerosols. Since 242 the APF light source only fires approximately horizontally, this method to find the reference nights 243 is insensitive to clouds, so it can only be used as a verification of reference nights that were found 244 using the procedure described in this section. After verification, the reference night is assumed to 245 be valid for the complete CLF epoch. In Fig. 8, panel (a) , an averaged light profile of a reference 246 night is shown. 
265
After h cloud is determined, a preliminary full hour profile is made by averaging all the available 266 quarter hour profiles. One or more quarter hour profiles can be missing due to the start or stop of FD 267 data taking, heavy fog, or problems at the CLF. Only one quarter hour profile is required to make 268 a full hour profile. Outlying pixels that triggered randomly during the laser event are rejected and 269 a new full hour profile is calculated. To eliminate outliers in single bins that can cause problems 270 in the optical depth analysis, the quarter hour profiles are subjected to a smoothing procedure by 271 comparing the current profile to the preliminary full hour profile. After multiple iterations of this 272 procedure, the final full hour profile is constructed.
273
The maximum valid height h valid of the profile is then determined. If there is a hole in the 274 profile of two bins or more due to the rejection of outliers or clouds, h valid is marked at that point.
275
As with h cloud , if no such holes exist, then h valid is set to the height corresponding to the top of the 276 FD camera field of view. If h valid is lower than h cloud , the minimum cloud height is set to be the 277 maximum valid height. Points above h valid are not usable for data analysis. 
Aerosol optical depth calculation
279
Using the laser-FD viewing geometry shown in Fig. 4 , and assuming that the atmosphere is hori-zontally uniform, it can be shown [14] that the vertical aerosol optical depth is transmission during air shower reconstruction.
315
In Fig. 9 , examples of laser and τ aer profiles are displayed from an average night and from 
Determination of Uncertainties
324
Systematic uncertainties are due to uncertainty in the relative calibration of the FD (σ cal ), the rela- and σ syst,clear in quadrature, along with the height correction,
Two separate profiles are then generated corresponding to the values of τ meas aer ± σ syst , as shown on 332 the right panels of Fig. 9 .
333
The statistical uncertainty σ stat is due to fluctuations in the quarter hour profiles and is consid- 
Atmospheric Model Description
340
The atmospheric aerosol model adopted in this analysis is based on the assumption that the aerosol 341 distribution in the atmosphere is horizontally uniform. The aerosol attenuation is described by 342 two parameters, the aerosol horizontal attenuation length L aer and the aerosol scale height H aer .
343
The former describes the light attenuation due to aerosols at ground level, the latter accounts for 344 its dependence on the height. With this parameterization, the expression of the aerosol extinction 345 α aer (h) and the vertical aerosol optical depth τ aer (h) are given by
Using Eq. 2.5, the aerosol transmission factor along the path s can be written as
where h 1 and h 2 are the altitudes above sea level of the first and second observation levels and ϕ 2 349 is the elevation angle of the light path s (cf. Fig. 4 ).
350
The Planetary Boundary Layer (PBL) is the lower part of the atmosphere directly in contact 
Optical depth determination and cloud identification
For each quarter hour average profile, the aerosol attenuation is determined obtaining the pair corresponding to boundaries between pixels, has no effect on the measurements. Before the aerosol optical depth is determined, the average profile is checked for integrity and at the cloud base height and this lower part of the profile is reanalyzed, since the first search for clouds only identifies the optically thicker cloud layer. If a lower layer of clouds is detected in the truncated profile, or the cloud height is lower than 5500 m a.s.l., the profile is rejected.
If no clouds are detected (either in the whole average profile or in the lower part), the pair L best aer ,
410
H best aer , together with the maximum height of the profile are stored and the procedure is completed.
411
The quarter hour τ aer (h) profile is calculated according to Eq. and to the method used to choose the best matching simulated profile.
421
To estimate the total uncertainty, the different contributions mentioned above are evaluated and is not using a parametric model for the aerosol attenuation. This comparison for each height shows 437 that aerosol profiles are compatible within 2% at each altitude.
438
The uncertainty related to the method defined to choose the best matching simulated profile 439 as a function of the altitude is also estimated. As described in Sec. 4.3.3, the parameters L best aer and
440
H best aer minimize the quantity is used to estimate τ err (h), the uncertainty of the aerosol profile. Therefore, the uncertainty related 443 to the method σ method (h) associated with τ aer (h) for each height bin is given by the difference 444 τ best (h) − τ err (h). This uncertainty is negligible with respect to the previous contributions.
445
The Laser Simulation Analysis extrapolates the aerosol attenuation for each quarter hour CLF 446 profile; then the four measured aerosol profiles are averaged to obtain the hourly information 447 needed for the air shower reconstruction. The same procedure is adopted to obtain the uncer-tainties related to the hourly aerosol attenuation profile. As a final step, the hourly uncertainty on 449 τ aer (h) is propagated to the aerosol extinction α aer (h).
450
Comparison of the two analyses
451
The two analyses described in this paper independently produce hourly aerosol profiles. In the Data 
468
The high compatibility of the two analyses guarantees a reliable shower reconstruction using 
473
The Loma Amarilla FD site is too far from the CLF to obtain fully reliable results. The XLF is 474 closer and will produce aerosol attenuation measurements for Loma Amarilla in the near future.
475
Values of τ aer (5 km) measured during austral winter are systematically lower than in summer.
476
In the right column of Fig. 13 , the τ aer (5 km) distribution over six years is shown for aerosol showers by 8 to 25% in the energy range measured by the Pierre Auger Observatory. This includes 487 a tail of 7% of all showers with an energy correction larger than 30%.
488
To determine the vertical aerosol optical depth profiles for the Pierre Auger Observatory, verti- 
